SUMMARY: Settlement characteristics, like timing, depth, microhabitat and density of European spiny lobster Palinurus elephas are described for the very first time. Regular SCUBA-diving surveys were conducted from July 1998 to January 2000 on rocky bottoms of three different geologic origins to assess substratum-dependent differences in recruitment density. Settlement of pueruli took place in June-July, a few weeks after sea surface temperature started to rise. The highest density of juveniles was found at 10-15 m depth. Most spiny lobsters settled in limestone rocks, into empty holes of the date mussel Lithophaga lithophaga, which provided daytime refuge. As they grew, individuals were increasingly found in larger holes and crevices of the rock surface. Sizes were estimated from photographs taken at night when the animals were actively foraging. The smallest observed individuals measured 7.5-8 mm carapace length (CL), but they reached 15-18 mm CL at the end of October. The consequences of our results for the management of the spiny lobster populations in the northwestern Mediterranean are summarily discussed.
INTRODUCTION
Spiny lobsters (Crustacea: Decapoda: Palinuridae) are characteristic species of reef and rocky shores in tropical and temperate seas. From an ecological point of view, their size, abundance and location in the trophic web position them at a key point within the benthic ecosystem (Cobb and Phillips, 1980; Phillips et al., 1994) . They constitute one of the most valuable fishery resources world-wide. As a consequence of their importance, the fishing pressure on their populations is often strong and needs appropriate management to reach the goal of sustainable exploitation . Given the long duration of their planktonic larval life (Booth and Phillips, 1994) , the success of settlement is one of the most important key factors in determining the dynamics of spiny lobster populations. Paradoxically, the ecology of the postlarvae is poorly known (Kanciruk, 1980; Phillips and Sastry, 1980; Booth and Phillips, 1994) , except for a few selected species like Panulirus argus in the Caribbean, P. cygnus from western Australia, and Jasus edwardsi in New Zealand , since most of the studies have traditionally placed their emphasis on the adult characteristics (reproduction, growth, dynamics, movements and migrations, etc.). The European spiny lobster, Palinurus elephas (Fabricius, 1787) , is distributed throughout the Mediterranean Sea and the north-east Atlantic ocean between Morocco and Scotland-South of Norway (Gamulin, 1955; Hepper, 1977; Ceccaldi and Latrouite, 1994; Hunter, 1999) . Its populations are known to inhabit rocky bottoms from around 10 to 70 m depth, and exceptionally down to 160 m (Zariquiey-Álvarez, 1968; Holthuis, 1987 Holthuis, , 1991 and are very actively exploited throughout their distribution range (Campillo and Amadei, 1978; Campillo, 1982; Ceccaldi and Latrouite, 1994) . Despite their ecological and commercial importance, however, few studies have been performed on the ecology of their populations either in the Mediterranean or in the north-east Atlantic (Hunter et al., 1996; Hunter, 1999) .
The ecology of post-settled juvenile European spiny lobsters is poorly known. Indeed, Hunter (1999) stated that "Pueruli and postpueruli records are rare, and juveniles are seldom observed" and that "... the life of postlarvae and juveniles through to adulthood remains almost entirely unobserved". Bouvier (1913a, b; 1914) first recorded the occurrence of a puerulus of Palinurus elephas from southern England. Since Bouvier's description, very few records of pueruli of P. elephas have been documented. Santucci (1926) recorded two specimens in the Tyrrhenian Sea, and Caroli (1946) also obtained one specimen in the Gulf of Naples. Additional records from fish gut contents were reported by Fage (1927) and Légendre (1940) in the Atlantic. The first benthic juvenile stage was described by Santucci (1926) from a specimen collected in Sicily in July, and Marin (1987) recorded two specimens in Corsica in August. However, as Campillo and Amadei (1978) noted and Hunter (1999) emphasised, the ecology and life history traits of the previously elusive post-larvae and juveniles have not been described.
The main objective of the present study consisted in determining the settlement characteristics of the European Spiny Lobster (Palinurus elephas) by delimiting its seasonality, depth of settlement, microhabitat and juvenile growth patterns.
MATERIAL AND METHODS

Study area
Four locations were selected to assess settlement characteristics: one in calcareous limestone rock, two in metamorphic calcareous substrate and one in metamorphic siliceous rock (Fig. 1) . The limestone site (CAL), which was selected as the main study area, was located near the town of L'Estartit. It is formed by calcareous rock from the Triassic to lower Cretaceous periods (Llompart and Pallí, 1984) . The two metamorphic calcareous sites (METCAL-1 and METCAL-2), from the CambrianOrdovician (Medialdea et al., 1989) , were located 8 and 10 km south of the main site respectively. The siliceous metamorphic site (METSIL) was located 30 km north of the main site and was also formed by Cambrian-Ordovician rocks (Medialdea et al., 348 D. DÍAZ et al. ). The overall characteristics of the study sites were similar, since they encompassed rocky bottoms of gentle slope provided with scattered large rocks.
Survey methodology
Exploratory dives were performed down to 50 m depth. From these preliminary dives, it was observed that recruitment was concentrated at depths of less than 20 m, but was not exclusive to these areas. Our observations suggested that some recruitment may occur at deeper levels at densities far lower than those recorded at depths of less than 20 m. Regular observations were subsequently conducted down to a maximum depth of 20 m.
Sampling was undertaken from July 1998 to January 2000 at the main study site ( Numbers of recently-settled juvenile spiny lobsters were visually censused by SCUBA-diving over fixed tracks. Antennae protruding from the holes or crevices on the rock surface (Diaz et al., 2001) helped to locate the smaller individuals. The following characteristics were recorded for each individual observed: depth (with a 0.1 m precision), inclination (in 45°intervals; Fig. 2 ), and type of shelter occupied: (a) date mussel (Lithophaga lithophaga) hole (much deeper than wider and with a rounded mouth and a smooth inner surface) or (b) natural crevice, irregular in shape and lacking a smooth inner surface. All individuals were left untouched.
In order to analyse possible differences in recently-settled juvenile spiny lobster densities with substrate type, specific surveys were performed during the first week of August 1999 (after the peak settlement had taken place) at 10-15 m depth (the depth range of maximum settlement density according to the results of the previous year) at the four study sites: one siliceous metamorphic rock area (MET-SIL), two calcareous metamorphic areas (MET-CAL-1 and METCAL-2) and the limestone (CAL) main study area. Three transects were performed at every site to obtain replicates of the spiny lobster densities. The total area surveyed in the different metamorphic rock sampling sites was the following: A G-test (Sokal and Rohlf, 1981) was performed to test for differences between the observed number of individuals located at the different inclination intervals and the expected number according to the available proportion of the different inclinations in the study area.
Recently-settled spiny lobsters were only observed outside their shelters during the night. In order to estimate size, surveys were performed at night and all individuals detected were photographed beside a millimetric scale. The carapace length (CL, in mm) was later estimated from the photograph by measuring it in relation to the scale with an image analysis system.
Densities of Lithophaga lithophaga holes in the different study areas were estimated by counting the number of date mussel holes on the surface of the rock in randomly selected quadrats of 25 x 25 cm. Mean densities were compared with an ANOVA test.
Temperature was measured at 0.5, 5, 20, 35, 50, 65 and 80 m depth daily during the summer and every two-three days, weather permitting, during the rest of the year (J. Pascual, pers. comm.) at a fixed point 1 km off the Medes Islands, close to the main study site. The changes in density over time were similar at both the 5-10 m and 10-15 m depth strata in both years. Starting in May-June, numbers peaked in late July to early August, and gradually decreased until November; thereafter, only occasional individuals were observed until the following season. By contrast, at 15-20 m, densities increased from August to October during the first season studied, then decreased gradually before disappearing in February-March. The pattern during the second year studied was similar to that observed at 10-15 m. Interannual variability in settlement densities was observed between the two seasons. In 1999 peak settlement densities (1.2 ind 10 m Figure 4 shows the proportion of recently settled postpueruli in relation to substrate inclination, and the proportion of substrate available by inclination range (see Fig. 2 ). The observed number of juvenile spiny lobsters found at the different inclination ranges was significantly different (G-test, p<0.001) from the expected number according to the actual availability of substrate. Thus, juvenile spiny lobsters were significantly found in greater than expected proportions on inclinations of 90°and 45°, that is, in sciaphilous vertical sections and slightly overhanging rocks. Conversely, they were found in lesser than expected proportions in photophilous rock surfaces facing the sea surface.
RESULTS
Timing and depth of settlement
Settlement microhabitat
Most of the recently-settled juveniles detected during the study were located within empty holes bored in the rock by the endolithic bivalve Lithophaga lithophaga (Fig. 5) . This microhabitat appears as almost the exclusive shelter for early juvenile spiny lobsters in the study area, since percentage use of this type of habitat during the two settlement seasons studied (1998) (1999) ranged between 91 and 100% during the settlement period: June-July. Irregular and larger crevices progressively replaced date mussel holes as refuges, as juvenile lobsters increased size when moulting. Figure 6 represents densities of Lithophaga lithophaga holes in relation to substrate types (see also Table 1 ). No date mussel holes were observed in the metamorphic siliceous rock area.
Settlement variability in relation to substrate type
As a logical consequence of previous correlates both between settlers density and date mussel holes and between date mussel holes and limestone rocks, the mean density of juvenile spiny lobsters at the limestone rock site (0.66 individuals 10 m than the densities at the metamorphic sites, either calcareous or siliceous (0.11, 0.08 and 0.12 individuals 10 m -2 respectively for METCAL-1, METCAL-2 and METSIL). Densities between metamorphic sites were not significantly different (p>0.050).
Juvenile growth
Sizes of recently-settled individuals (June-July) ranged between 7.5-8 and 14 mm CL (Fig. 8) . In 1998, median sizes of juvenile spiny lobsters increased from 11 mm CL in late July to 19 mm CL in late October. In 1999, median sizes increased from 9 mm CL in early July to 17 mm CL in mid October. The smallest individuals were detected at approximately monthly intervals, thus reinforcing the suggestion of settlement taking place in several discrete periods throughout the season.
DISCUSSION
The spiny lobster Palinurus elephas has been a highly targeted species since ancient times (Aristotle provided an accurate description in the 4th century B.C.) all around the heavily populated Mediterranean coasts. Probably due to high market prices, the possibility of a decent catch, however remote, has been sufficient incentive for unremitting exploitation of this resource. It is consequently overfished to extraordinarily low levels in terms of both growth and recruitment overfishing. As is now recognised for a great deal of coral reef fishes (Doherty, 1982; Victor, 1983; Doherty and Fowler, 1994) , spiny lobster populations in the Mediter- ranean may be far from their carrying capacities, but are rather limited by the number of individuals that settle out of the plankton. As recruitment overfishing (reduction of population size causing reduced egg production and increased chance of recruitment failure) is detected in a growing number of fished populations, the importance of recruitment analyses for management decisions to ensure the maintenance of sufficient adults in exploited populations increases.
With the previous considerations in mind, the present study set out to provide useful information on the settlement characteristics of the European spiny lobster occurring in the study area, both for population management and for the knowledge of the benthic processes. It has identified, described and delimited the main settlement habitat and the seasonality of settlement of P. elephas in the western Mediterranean, hitherto unknown for any sector of its distribution area.
As shown by our results, settlement in P. elephas takes place within a limited temperature window centred in the warmest months, probably reflecting the predominantly tropical/subtemperate distribution of this family (Phillips and McWilliam, 1986; Booth and Phillips, 1994) . Settlement started when sea surface temperatures began to increase in midMay, peaked in June-July, when temperatures in the study area had not yet reached the annual maximum (which takes place in August-September) and ended in August. Growth of juvenile spiny lobsters therefore takes place during the warmest summer months. The relatively short settlement period of the European spiny lobster in the western Mediterranean may be one of the critical factors affecting settlement success, since this may be much higher or lower according to the specific interannual environmental variations and settlement synchronising factors. If correlates between settlement and the period of warmest water temperatures might suggest a role for temperature in the settlement success, this role seems to be by no means exclusive. It is worth noting that P. elephas currently settles in much cooler waters in its northern distribution limit in the British Isles. Variability in settlement success is probably not only dependent on the temperature at settlement time but also on many other, probably more important, factors, such as larval survival, settlement timing, and mesoscale oceanographic processes carrying the larvae and postlarvae (MacDonald, 1986; Phillips et al., 1991; Booth, 1994; Booth and Phillips, 1994; Briones-Fourzan, 1994) . Variability in the strength of the parental stock (recruitment overfishing) is also probably playing a large and relevant role in the variability of settlement success.
Even if settlement activity has been observed to extend for up to two months, there is certainly a more intense settlement activity in two or three discrete periods, with lesser activity in the intervening periods; suggestively, the settlement peaks appeared separated by around a month or a moon cycle. The association of spiny lobster settlement with lunar phases has been known for a time for several species, such as P. argus in the Caribbean (e.g. Acosta et al., 1997; Eggleston et al., 1998) .
In the Mediterranean populations of P. elephas, egg laying takes place from August to October, the egg carrying period from October to March and hatching (or associated occurrence of first stage phyllosoma larvae in the plankton) from December to March, but mainly in January and February (Gamulin, 1955; Campillo, 1982; Hunter, 1999) . Since peak settlement was observed in June-July during the present investigation, the duration of planktonic life of the spiny lobster phyllosomae in the western Mediterranean is confirmed as being approximately five months (Marin, 1985; Hunter, 1999) .
A neat preference for a narrow, shallow bathymetric range to settle has been clearly stated. In the area, depths between 10 and 15 m are strongly preferred by settling larvae, even if algal coverage and date mussel holes extend far above and below of these limits. The observed settlement depth is also much shallower than the depths at which adults are usually found (Campillo and Amadei, 1978; Holthuis, 1987; Ceccaldi and Latrouite, 1994) . In the nearby Medes islands marine reserve, adult spiny lobsters are always found deeper than 25 m, mainly at depths of over 40 m. Some larger, juvenile individuals of around 33-39 mm CL (corresponding to the previous year's settlement season) were sometimes observed in the study area, but adults never were. Even if evidences are lacking, this separate distribution between young and adult stages suggests the only possible explanation, which involves the existence of ontogenetic migrations to deeper water with increasing size and age.
Selection of appropriate substrata providing adequate shelter is a key factor in determining survival not only at settlement but also during the early postsettlement of spiny lobsters . Sharp selectivity in the nature of selected substrata is probably the rule, and a wide spectrum of substrata are used around the world depending on the species, latitude or habitat. Some species prefer to settle among algae, sea-grasses or mangrove roots, but rocky bottoms are mostly preferred. Holes in rock surfaces have been reported to be used by a wide variety of mobile organisms as a temporary refuge or as a more permanent microhabitat, examples being fish, crabs and stomatopods (Kotrschal, 1988; Moran and Reaka, 1988; Norman et al., 1994; Macpherson and Zika, 1999) . Hole utilisation, although not used as the main microhabitat, has been reported for Panulirus versicolor, Panulirus longipes and Panulirus penicillatus (Yoshimura et al., 1994) . More precisely, the occupation of holes in rocks as the main juvenile microhabitat has been reported for some exotic spiny lobsters, such as Panulirus japonicus (Yoshimura and Yamakawa, 1988; Yoshimura et al., 1994) and Panulirus cygnus (Jernakoff, 1990) . But the most interesting cases are those of Jasus edwardsii (Booth, 1979) and the Japanese spiny lobster P. japonicus Norman and Morikawa, 1996) which, similarly to our species, selected the holes of vicarious date mussels and other boring molluscs (pholads) as a preferred microhabitat for settlement.
The identification of date mussel holes in calcareous rock as the main settlement microhabitat of P. elephas has important implications for fishery management, since date mussels are exploited, sometimes heavily, in the Mediterranean, though their collection is officially banned in some countries. They are extracted from the rock by demolishing it, with the consequent destruction of the habitat and the associated benthic community (Russo and Cicogna, 1992; Fanelli et al., 1994) . Date mussel extraction undoubtedly leads to a decrease in the availability of the suitable settlement microhabitat for P. elephas. Additionally, date mussels are longlived and have very low growth rates (Kleeman, 1973; Galinou-Mitsoudi and Sinis, 1997) and their exploitation may rapidly become unsustainable (Russo and Cicogna, 1992; Cuccu et al., 1994; Fanelli et al., 1994) .
The inclination of the substrate used as day-time shelter indicated that juvenile P. elephas preferred sciaphilous microhabitats. A similar pattern of rock inclination use, in which both pueruli and first instar juveniles preferred holes in sections of the reef with a negative incline, has also been reported for the Japanese spiny lobster, Panulirus japonicus (Norman and Morikawa, 1996) . This preference may be related not only to light avoidance, but also to siltation of the holes.
We have identified significant differences in densities of recently-settled juvenile spiny lobsters among geomorphological areas differing in the substrate characteristics. Thus, densities in limestone calcareous rocks were much higher than in metamorphic slate areas, both calcareous and siliceous. The main apparent difference between these substrate types was the occurrence of rock-boring bivalve holes, in particular of the date mussel Lithophaga lithophaga, whose densities were significantly higher in the calcareous area. The empty, unoccupied holes were largely used by juvenile spiny lobsters as a day-time shelter refuge. Predation by starfish seems to be the main cause of natural mortality of date mussels in the study area (unpublished personal observations), in which no human extraction of date mussels takes place.
In some species, settlement appears to exceed the carrying capacity of the habitat, depending on the shortage of available suitable habitat (Kanciruk, 1980; Phillips, 1981; Field and Butler, 1994; . This does not seem to be the case in the present study area, since the availability of date mussel holes greatly exceeds the observed number of settled postpueruli. It could, however, be an important limiting factor in the metamorphic and non-calcareous areas, where settlement is mainly restricted to crevices of the adequate size and shape.
Observations on juvenile spiny lobster behaviour are scarce. In the study area, settled juveniles were nocturnally active and showed a marked fidelity to a single hole (unpublished personal observations), returning there after nocturnal foraging excursions, as is the case for the Japanese spiny lobster, Panulirus japonicus (Yoshimura and Yamakawa, 1988; Norman et al., 1994) . No individuals were ever observed out of their shelter holes or crevices during daylight hours, suggesting the occurrence of a strong circadian activity rhythm (Naylor, 1988) . Date mussel holes have only one opening. From this hole, settled juvenile spiny lobsters only extrude the antennae, which in addition to bearing chemoreceptors are also used as defensive and stridulative organs .
As a concluding remark, the present study has identified the settlement time, depth and main microhabitat of the European spiny lobster Palinurus elephas in a region of the northwestern Mediterranean Sea, a priori representative of a wide proportion of rocky bottoms throughout the western Mediterranean: limestone rocks, calcareous and siliceous metamorphic rocks. This information is valuable not only per se, but also for management purposes, since scientifically-based settlement and juvenile habitat protection is now possible.
